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Abstract One-pass harvest equipment has been developed to
collect corn (Zea mays L.) grain, stover, and cobs that can be
used as bioenergy feedstock. Nutrients removed in these
feedstocks have soil fertility implication and affect feedstock
quality. The study objectives were to quantify nutrient
concentrations and potential removal as a function of cutting
height, plant organ, and physiological stage. Plant samples
were collected in 10-cm increments at seven diverse

geographic locations at two maturities and analyzed for
multiple elements. At grain harvest, nutrient concentration
averaged 5.5 gN kg−1, 0.5 gP kg−1, and 6.2 gK kg−1 in cobs,
7.5 gN kg−1, 1.2 gP kg−1, and 8.7 gK kg−1 in the above-ear
stover fraction, and 6.4 gN kg−1, 1.0 gP kg−1, and 10.7 g
K kg−1 in the below-ear stover fraction (stover fractions
exclude cobs). The average collective cost to replace N, P,
and K was $11.66 Mg−1 for cobs, $17.59 Mg−1 for above-ear
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stover, and $18.11 Mg−1 for below-ear stover. If 3 Mg ha−1

of above-ear stover fraction plus 1 Mg of cobs are harvested,
an average N, P, and K replacement cost was estimated at
$64 ha−1. Collecting cobs or above-ear stover fraction may
provide a higher quality feedstock while removing fewer
nutrients compared to whole stover removal. This informa-
tion will enable producers to balance soil fertility by
adjusting fertilizer rates and to sustain soil quality by
predicting C removal for different harvest scenarios. It also
provides elemental information to the bioenergy industry.

Keywords Corn cobs . Corn stover . Plant nutrition .

Soil fertility . Biofuel feedstock

Abbreviations
BON Bonferroni minimum significant difference
GLM General linear model
ICP-OES Inductively coupled plasma-optical emission

spectroscopy
LSD Least significant difference
MDL Minimum detection limit
SOC Soil organic carbon

Introduction

An estimated 218 million Mg of dry feedstock per year will
be needed to meet the 76 billion liters of second-generation
(non-food source) renewable fuels target for 2022 in the
USA [8]. Multiple, regionally specific lignocellulosic
materials will be used to achieve this goal, but one of the
most important in Midwestern USA will be corn (Zea mays

L.) stover. Other potential feedstock materials include other
crop residues such as wheat (Triticum aestivum L.),
dedicated annual and perennial energy crops (e.g., switch-
grass (Panicum virgatum L.), sorghum (Sorghum bicolor
L.), miscanthus (Miscanthus), or sugarcane (Saccharum
officinarum L.) bagasse)), and woody species such as
poplar (Poplar ssp.) and pine (Pinus ssp.) [8]. Additional
feedstock biomass will be needed to meet demands for
producing biopower [6] and bioproducts [29].

Corn stover refers to the aboveground, non-grain plant
parts including the cob, leaves, and stalk. Currently, stover
is collected primarily using several field operations follow-
ing corn grain harvest, in which the stover is cut,
windrowed, baled, and hauled to a storage site [33]. These
operations increase the number trips across the field, often
during a time of year when rainfall or snowfall can limit
harvest time and create soil conditions that are susceptible
to compaction. To reduce the number of field operations
and cost of feedstock collection, one-pass harvest equip-
ment that can collect corn grain as well as stover and/or
cobs is being developed [34] but is not yet commercially
available. Initial one-pass harvest studies have been con-
ducted to assess various harvest scenarios for collecting
corn stover and cobs [18, 34]. A study in Iowa concluded
that harvesting grain and stover in one-pass with a 40-cm
cutting height could save time and fuel and provide higher
quality feedstock for ethanol fermentation than a multi-pass
baling operation [18]. Another study suggested feedstock
fractionation could reduce ethanol production costs by
minimizing pretreatment and hydrolysis requirements [10].
For example, husk and cobs released more glucan and
produced more ethanol compared to stalk bottoms when
using the same pretreatment and hydrolysis treatment
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even though the stalk contained a comparable amount of
glucan [10].

With successful development of one-pass technology for
stover harvest, the next critical question is at what height the
corn plant should be cut. This is critical because the amount of
crop residue that can be harvested in a sustainable manner
without degrading soil resources through loss of soil organic
carbon (SOC) or erosion varies by location, crop rotation, and
tillage practice [26, 38, 39]. The amount of residue that needs
to be returned to the field to maintain SOC can exceed that
needed to control wind or water erosion [39]. Furthermore,
harvesting crop residues removes more mineral nutrients
than harvesting only grain [10, 17, 18, 24, 25]. Developing a
broad comprehensive dataset on nutrient removal is impor-
tant because the amounts removed will depend on element
concentration, quantity, and type of stover harvested and
frequency of removal.

Nutrient concentrations in corn stover vary between upper
and lower portions of the stalk [10, 18, 23]. Therefore, cutting
height during harvest will impact both average nutrient
concentration in the harvested biomass and the quantity of
nutrient removed from the field. Nutrient concentrations in
cobs may differ from those in stalks [10] because of
differences among plant organs. Unfortunately, there are
few publications with multiple locations that provide both
information on nutrient concentration in harvested biomass
and that also differentiate the vertical distribution of nutrients
and differences among stover fractions [10, 20]. Literature
from animal science focuses on the feed quality of plant
material and frequently is based on material collected at
physiological maturity or younger [4, 7, 22, 28]. We collected
plants both at physiological maturity and at grain harvest to
compare nutrient concentration between the two dates. If
there is little difference in nutrient concentration, it suggests
data from the animal science literature can be directly used
for estimating nutrient removal at grain harvest in the stover.

Weather conditions may sometimes force producers to
harvest at earlier than desired times. Although corn stover
can have high moisture content at earlier harvest dates, wet
storage by ensilage is a possible method to store high
moisture bioenergy feedstock [33]. Ensiling corn stover can
improve harvest timeliness and reduce harvest losses [33],
but does not necessarily provide an economic advantage
compared to dry storage methods (e.g., bales) [2]. Thus,
several locations included more than one plant maturity.

Developing a broad, geographic database with vertical
distribution of nutrients has at least three practical applica-
tions. First, the quantity of C that is removed not only
affects the value of the biomass crop but also the amount of
biomass returned to the soil, which functions as food for
microorganisms, maintaining soil structure and SOC.
Second, inorganic elements such as K, Cl, and Si can
negatively affect feedstock quality for both biochemical

conversion and thermochemical processing [3]. Third,
removal of essential plant nutrients with biomass harvest
will affect the amount and type of fertilizer that is required
to maintain soil fertility. The replacement value of the
nutrients removed with the stover will have a large impact
on the fair market value for the feedstock.

Recognizing the applications listed above and other
needs associated with the developing biofuel and bio-
products industries, this multi-location project builds on a
companion publication quantifying the vertical distribution
of corn stover as a function of cutting height, geographic
location, and plant maturity [40]. Our specific objectives for
this study were to quantify nutrient concentrations and
potential nutrient removal as a function of vertical cutting
height, plant organ, and physiological growth stage at
different geographic locations and for hybrids with varying
maturities. The impetus for this study was use of stover as a
bioenergy feedstock, but it would be applicable regardless
of the reason for stover collection and removal (e.g., for
fodder, bedding, or as a biomaterial for construction
materials).

Materials and Methods

Experimental Sites

A multi-location experiment was conducted at Ames, IA,
USA; Auburn, AL, USA; Fort Collins, CO, USA; Florence,
SC, USA; Lincoln, NE, USA; Mandan, ND, USA; Morris,
MN, USA; and St. Paul, MN, USA. Each location had at
least one site and sampling date, although some had
multiple sites, management practices, and/or sampling dates
(Table 1). Collectively, these locations represent a wide
range of climatic, soil, hybrid, planting date, population
densities, and cultural practices [40] associated with corn
production throughout the USA.

Sampling Method

Plants were destructively sampled from a 1.0-m2 area at
physiological maturity and/or at grain harvest. The corn
plants were cut as close to the soil surface as possible. Ears
were removed from the husk and dried separately. The height
to the base of the grain-containing ear (ear height), height to
the node at which the ear shank was attached to the stalk
(shank height), and plant height were recorded to the nearest
centimeter for each plant. Corn stalks were marked at 10-cm
intervals starting at ground level and continuing upward with
the top segment being one 10-cm interval above the base of
the primary grain-containing ear. All plant material above the
top interval was pooled into a single above-ear sample. All
plant parts (cob, above-ear, and 10-cm increment samples)
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were oven-dried at 60°C to a constant weight. Grain was
removed from cob prior to determining dry cob weight.

Our rationale for this sampling approach was to mimic a
one-pass harvest system that could collect grain and cobs, or
grain and stover. A high-cut (18) one-pass treatment would at
least collect everything at and above the ear, while a low cut
treatment would collect everything above a stubble height of
10 cm. The 10-cm sampling increments were to help
interpolate between the low- and high-cut treatments.

Segment samples from multiple plants (within a replication
at each site) were pooled to provide sufficient plant material for
chemical analysis. Typically, segments were combined from
five to ten plants, depending on plant population (Table 1). C
and N analyses for all locations were conducted at the ARS-
Agroecosystems Research Unit in Lincoln, NE, USA. All the
Cl, microwave digestion, and inductively coupled plasma-
optical emission spectroscopy (ICP-OES) analyses were done
at the ARS-North Central Soil Conservation Research
Laboratory in Morris, MN, USA. Total C and total N in the
plant tissue were determined by combustion (900°C) with a
Carlo Erba combustion analyzer (Thermo Scientific, Wal-
tham, MA, USA). Chloride was extracted by shaking in
0.01 M CaSO4, and the Cl concentration was determined by
flow injection analysis using the mercury (II) thiocyanate
colorimetric method measured on a Technicon AutoAnalyzer
II (ALPKEM, Clackamas, OR, USA) at 480 nm with a
minimum detection limit (MDL) of 1 µg mL−1 [13, 35]. All
other nutrients were determined by ICP-OES on a Varian
Vista-Pro CCD simultaneous ICP-OES (Varian Incorp., Palo
Alto, CA, USA) following a concentrated HNO3 acid
microwave digestion procedure using a Mars Xpress Micro-
wave Digester (CEM Corp., Mathews, NC, USA) based on
USEPA 3051 and USEPA 3051A methods and manufac-

turer's recommendations [37]. Elements of interest as plant
nutrient or as fouling agents had the following MDL in
µg mL−1: 0.4, Al; 0.0.007, B; 0.006, Ca; 0.006, Cu; 0.012,
Fe; 0.129, K; 0.003, Mg; 0.001, Mn; 0.13, P; 0.175, S; 0.028,
Si; and 0.06, Zn, based on HNO3 acid background matrix
following the manufacturer's recommendation for this ICO-
OES instrument.

Statistical Analysis

This study was designed to primarily provide information on
the vertical distribution of nutrient concentrations from plants
harvested at physiological maturity and/or just prior to
combine harvest at several locations throughout the USA.
The study was not designed to delineate causal relationships
or to examine differences associated with location, soil
resource, management practices, and/or hybrid selection.
The multi-location intent was to include a range of hybrids,
relative maturities, and climatic conditions, thus providing a
general survey of how nutrient concentration varied vertically
within corn plants at or approximately 3 weeks after
physiological maturity.

A general linear model using SAS software, version 9.1
(SAS Institute, Gary, NC, USA) [32] was used to determine if
there were statistically significant differences in nutrient
concentration. Stover fraction or segments were treated as
random variables, and variability due to location and
location-specific factors (e.g., management practice and
hybrid) was included in the error term. Mean comparisons
of nutrient concentration among three stover fractions (i.e.,
above-ear without cob, below-ear, and cob) were made using
a protected least significant difference (LSD; p≤0.05) [32].
The number of cob observations was used to calculate

Table 2 Average concentration of several plant elements (g kg−1) based on all fields and treatments within and across locations for above ear
(without cob), below ear, and cob

Physiological maturity Grain harvest

Above ear (gkg−1) Below ear (gkg−1) Cob (gkg−1) LSDa (gkg−1) Above ear (gkg−1) Below ear (gkg−1) Cob (gkg−1) LSD (gkg−1)
N 18 18 12 26 26 20

C 428 435 450 7.26 433 428 450 7.23

N 7.44 5.48 4.35 1.36 7.45 6.41 5.46 0.79

P 0.80 0.62 0.40 0.42 1.24 1.01 0.50 0.44

K 10.84 12.17 5.35 4.77 8.66 10.71 6.25 2.44

S 0.61 0.41 0.15 0.20 0.62 0.51 0.28 0.11

Ca 4.17 2.99 ND 0.59 2.96 3.51 ND 0.49

Cl 3.03 4.17 1.73 1.68 1.99 2.57 2.19 1.10

Si 1.17 0.93 0.19 0.25 0.98 0.86 0.19 0.30

Some locations were only sampled at one maturity date (Table 1); also, some locations did not save cobs for analysis

LSD least significant difference, ND not detected
a LSD (p≤0.05) to compare among segments within a maturity, calculated using the number of cob observations

346 Bioenerg. Res. (2010) 3:342–352
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protected LSDs, which are a conservative approach as there
were fewer cob observations than stover observations.
Differences among nutrient concentrations in the 10-cm
segments below the ear were compared using Bonferroni
minimum significant difference (p≤0.05), as there were
more than six means [32].

A subset of five locations that was sampled from the same
fields and treatments at both physiological and grain harvest
was used to determine if nutrient concentration changed
between the two sample dates. Cob data was not available
from two of the locations. General linear model analysis was
run separately for the three stover fractions. Sample time was
treated as a random variable, and variability due to location
and location-specific factors (e.g., management and hybrid)
was included in the error term. Significant differences are
reported at p≤0.05.

Additional descriptive statistics (arithmetic means, stan-
dard errors, and number of observations) were calculated
within locations for all elements for the three corn stover
fractions at both sample dates (Supplemental Tables 1–4).

At Fort Collins, multiple plants were harvested, but there
was only one replication for each maturity, so a standard
error for the Fort Collins location was not calculated. At
Mandan, there were two replications for each maturity, but
plant materials from each replication were insufficient for
analysis, so materials from the two replications were
pooled. At other sites, there were at least two sampling
areas or replications. Standard errors were reported as an
indicator of variability.

Results

Stover Fraction Nutrient Concentrations

Stover nutrient concentrations above and below the ear and
within the cobs were determined at all locations for at least
one and sometimes two sampling dates. At physiological
maturity (Table 2), cobs had lower N, K, S, Ca, Cl, and Si
concentrations but higher C content than the stover

Table 3 Comparison of element concentration in the above-ear corn stover fraction at two sampling dates, using data only from locations that
sampled at both physiological maturity and grain harvest, n=12

C (gkg−1) N (gkg−1) P (gkg−1) K (gkg−1) S (gkg−1) Ca (gkg−1) Cl (gkg−1) Si (gkg−1)

Physiological maturity 425 8.16 0.75 12.2 0.72 4.33 2.59 1.16

Grain harvest 432 6.77 0.71 8.4 0.53 2.91 1.86 1.13

Significance –** –* NS NS –* –*** NS NS

NS not significant at p≤0.05
*Significant at 0.05 probability level

**Significant at 0.01 probability level

***Significant at 0.001 probability level
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fractions. At grain harvest, the P concentration was also
significantly lower in cobs compared to either stover
fraction. At both sampling dates, the concentration of Ca
in cobs was below the MDL. The concentration of N, S,
and Ca in the above-ear stover fraction exceeded that below
the ear at physiological maturity. At grain harvest, the
above-ear stover fraction had 16% higher N and 21%
higher S concentrations than the below-ear stover fraction.

The concentration of C, N, P, K, S, Ca, Cl, and Si in
cobs or in the below-ear stover fraction did not change

significantly between the two sample dates (data not
shown). The concentration did decrease 17% for N, 26%
for S, and 32% for Ca between physiological maturity and
grain harvest in the above-ear stover fraction (Table 3). The
concentration of N, S, and Ca were greater in the above-ear
stover compared to the below-ear fraction, while P
concentration did differ significantly between the two
fractions (Table 2), such that losing above-ear stover would
result in harvesting a greater portion of material with lower
concentrations of N, S, and Ca.
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Vertical Distribution of Nutrient Below the Ear

Comparisons among the 10-cm increment segments
collected below the ear were made within a sampling
date, as not all locations were able to sample on both
dates. Because the difference between sample's dates was
not significant in the below-ear stover fraction (data not
shown), only the vertical distribution at grain harvest is
presented (Figs. 1, 2, and 3). The concentration of N
tended to increase in the segments approaching the ear
compared to those near the soil (Fig. 1). Fe (Fig. 2) and Al
(Fig. 3) had higher concentrations in the bottom 10 cm,
which may reflect some soil contamination, despite efforts
to avoid such contamination. There were no significant

differences in the vertical distribution of any of the other
nutrients (Figs. 1, 2, and 3).

Discussion

Nutrient Removal and Soil Fertility

Consistent with previous studies [10, 12, 16, 18, 23],
nutrient concentrations in this study differed among stover
fractions, cutting heights, and plant maturity when sampled
(Tables 2 and 3, Figs. 1, 2, and 3). This is important
because the amount of N, S, and Ca removed at grain
harvest could easily be overestimated if based on concen-
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Fig. 4 The amount of C
(Mg ha−1) or nutrient (kg ha−1)
that would be harvested (solid
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terval. Any material on the
ground was assumed to always
remain in the field. These data
assume that cobs would be
harvested

Table 4 Average cost to replace N, P, K, and total fertilizer cost per
Mg feedstock removed, using nutrient concentration at grain harvest
in Table 2 at and 5-year average cost (2005–2009), average cost

supplying N, P, and K as anhydrous ammonia ($0.78 kg−1),
superphosphate ($2.78 kg−1), and muriate of potash ($0.96 kg−1),
respectively [27]

Stover fraction N P K N, P, and K value Harvest rate N, P, and K cost
$ Mg−1 feedstock $ Mg−1 feedstock Mgha−1 $ ha−1

Above ear (excluding cob) 5.80 3.45 8.34 17.59 3 52.76

Below ear 4.99 2.81 10.32 18.11 2 36.23

Cob 4.25 1.39 6.02 11.66 1 11.66

Hypothetical harvest rate and corresponding cost provided as an example and does not represent a recommended or average rate
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trations measured at physiological maturity instead of grain
harvest, especially if a portion of the plant from above the
ear is removed (Table 3). The amount of an element
removed from or retained in the field is a function of
concentration and biomass harvested (Fig. 4). As the
cutting height is lowered, the amount of C and nutrients
harvested and removed from the field is increased, and
proportionally less is returned to the field. The optimum
cutting height depends upon the selection criteria. If the
goal is maximum stover harvest, then the lowest cutting
height is best. Collection costs per unit of biomass tend to
decline at higher removal rates and higher yields [14].
However, if maintaining soil organic C, soil fertility, and
preventing erosion are of primary importance, then harvest-
ing only the cob or upper portions of the stalk and cob may
be more appropriate (Tables 2 and 3) [15, 40].

It is straightforward to measure nutrient concentration
and determine the amount of nutrient removed by harvest-
ing corn stover. However, impacts on soil fertility are more
challenging to predict and depend upon the specific
nutrient, soil type, spatial variability, and parent material,
climate, and crop rotation. Stover has a high C to N ratio
(Table 2), and over the short-term, net N-immobilization is
expected to occur [36]. As decomposition of the residue
progresses, net mineralization should occur [19, 30, 36].
Repeated harvest of crop residue has been demonstrated to
reduce N mineralization [21, 31] and decrease beta-
glucosaminidiase activity, which is an indicator of N
mineralization [11]. Studies in Ohio and in Minnesota both
reported that harvesting corn stover can result in less soil
organic N than returning stover to the field [5, 9].

Soil fertility is influenced by numerous factors including
residue amount, type, and placement interacting with soil
temperature, moisture, texture, and fertilizer application [1,
20]. For example, 25 years of stover harvest in New York
on a Raynham silt loam significantly reduced soil K and
Mg, but only the reduction in K levels was of agronomic
consequence [26]. In the same study, repeated stover
harvest did not significantly decrease soil concentrations
of N, P, Ca, Fe, Mn, Zn, and Al. Another study, which was
located in Ohio, showed that 4 years of stover removal
reduced available P, K, Mg, and Ca on silty clay loam soils
but had very little impact on nutrient availability on clay
loam soils [5]. In general, residue removal has the potential
to reduce soil fertility levels. The extent of fertility
reduction is soil and climate dependent; therefore, pro-
ducers will need to utilize soil tests and crop scouting to
avoid unexpected nutrient deficiencies.

Nutrient Content and Feedstock Quality

The cutting height or fraction harvested impacts feedstock
quality for both thermochemical and fermentation platforms.

Cobs have lower concentrations of several nutrients (N, P, K,
S, and Ca) compared to stover fractions (Table 2). Therefore,
they would remove fewer plant nutrients. Low concentra-
tions of N and S in the feedstock reduces the potential for
SOx and NOx in the flue gases [41] during thermochemical
processing, which must be scrubbed from flue gases. Raising
the cutting height from 20 to 70 cm during a one-pass
operation reduces the mass of C, N, P, and S harvested about
20% and reduces the amount of Cl by 22%, K by 25%, and
Mg and Ca by 29% (Fig. 4). Raising the cutting height
disproportionately reduces the amount of elements that are
undesirable (Ca, Mg, and K; Fig. 4) in the feedstock relative
to the amount of C, which is directly proportional to biomass
[40]. Fermentation relies on sugar (or converting cellulose to
sugars) to produce liquid fuels like ethanol. Other research-
ers [10] reported that the amount of recoverable sugars in the
stover above the ear exceeded that below the ear, even
though the sugar content between the two segments was
comparable. The results by Duguid et al. [10] suggest the
stover above the ear is a higher quality fermentation
feedstock. The lower portion of the stock will be wetter
and more likely to have soil contamination [18]. All these
factors suggest that the upper portion of the corn stover
provides a higher quality feedstock than the lower portion
for both thermochemical and fermentation platforms.

Economic Considerations

Nutrient replacement costs were calculated based on 5-year
(2005–2009) average prices of $0.64 kg−1 for anhydrous
ammonia, $0.55 kg−1 for superphosphate, and $0.49 kg−1 for
potash, which corresponds to $0.78 kg−1 elemental N,
$2.75 kg−1 elemental P, and $0.96 kg−1 elemental K,
respectively [27]. Based on the average N, P, and K
concentrations at grain harvest (Table 2) and assuming a
cob harvest rate of 1 Mg ha−1, the corresponding removal
rate would average 4.5 kg N, 0.3 kg P, and 7.2 kg K per
hectare. At these prices and concentration, replacing these
macronutrients would cost $11.66 ha−1 (Table 4). The
amount of biomass and nutrient removal is a function of
cutting height when corn is harvested with a one-pass
system. The highest cutting height made with a one-pass
system likely would be just below the ear. For the purpose of
illustration, assume that a one-pass system at grain harvest
collected 3 Mg ha−1 above-ear stover fraction harvested plus
1 Mg of cobs. Based on the cob and above-ear nutrient
concentrations, 27.8 kg N, 4.22 kg P, and 32.2 kg K (Table 2)
per hectare may be harvested at a corresponding replacement
cost of about $64 ha−1 (Table 4). As the harvest rate and or
nutrient concentration increases, the cost of nutrient replace-
ment also increases. For example, if an additional 2 Mg ha−1

was harvested of the material below the ear in addition to the
cobs and the above-ear stover fraction, the amount of N, P,
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and K removed could exceed $100 ha−1 (Table 4). Calcu-
lation of the minimum payment necessary for biomass
harvest to be profitable would need to include nutrient
replacement costs: harvest, transportation, and storage costs,
as well as any impacts on future crop productivity.

We presented detailed information on the vertical distribu-
tion of C and mineral elements in corncobs and stover. This
information allows for an estimation of the amount of nutrients
removed during stover or cob harvest. It also provides
information on the concentration of elements that negatively
impact feedstock quality. Harvesting only cobs or cutting just
below the ear improves the feedstock quality and reduces the
impact of nutrient removal. Because of the relationship
between residue removal and its nutrient content, producers
harvesting cobs and or stover are advised to utilize soil tests
and monitor crops for signs of nutrient deficiency and modify
their fertilizer management accordingly. Short- and long-term
fertility risks, together with the risks of erosion and loss of
SOC, must be considered in making the decisions concerning
residue harvest including if, what, and how often to harvest.
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